Introduction
In 1840 Schönbein on electrolyzing aqueous sulfuric acid obtained, described and named ozone [4] . Up to-day several studies on a high-yield synthesis of O3 by water electrolysis were published. They have as special features the use of low temperatures (e.g. -30 °C to -56 °C [5, 6] , also -10 °C [7] ), or high current densities [8] [9] [10] , that is, they consider physical parameters when treating concentrated aqueous H2SO4, H3PO4 or HCIO4. Russian workers reported a room temperature process [9] ; they electrolyze 70% H3PO4 with current densities greater than 800 mA cm -2 and quote 03-concentrations up to 6.2% v/v at 20 to 40 °C, using Pb02 deposited on platinized titanium as anode. Nishimura et al. claim patents for an electrochemical ozone production at Pb02/Pb anodes using the rather low current densities of 20 mA cm -2 , obtaining a current efficiency of up to 30%, using a saturated Se02 solution in water as anolyte [11, 12] . We tried to reproduce this process with a c.d. of 100 mA cm -2 using Pb02/Ti anodes in such an electrolyte for 2 h without succeeding to obtain such amazing results. We also used lead anodes potentiostatically preanodized in H2SO4 (at 1,9 V vs SCE for 30 min). After 2 h a visible brown layer of Pb02 on the lead surface was formed. Current densities between 30 and 50 mA cm -2 were used, however, with no improved results within 4 h of experimentation. The discrepancy between our * Reprint requests to Prof. Dr. H. P. Fritz.
0340-5087/79/1200-1617/$ 01.00/0 results and those of the Japanese workers is possibly due to a special pretreatment of their anodes.
Efforts for ozone synthesis in alkaline and neutral aqueous solutions have also been made without much success [13] . In the course of our study we ended up using about neutral pH values with satisfactory results, since at very low pH, as well as at high current densities and low temperatures excessive electrode corrosion was observed. Without considering any detailed mechanism, the main reaction of water electrolysis 2 H20 ^ 02 + 4 H+ + 4 eshows, that high proton concentrations arise at the anode and that the application of low pH in the electrolyte will rather hinder the 03-formation. Therefore, the concept of our study was to use about neutral pH buffered electrolytes, Pb02/Ti anodes [2, 3] , and cathodes with low H2-overpotential, as stainless steel, titanium etc. A plausible explanation why the previous efforts [13] in neutral bulk electrolytes were not very successful might be the use of non-buffered electrolytes and the inapropriate choice of anodes (e.g. Pt), which show a considerably lower 02-overpotential than Pb02 [14, 10] .
Experimental Procedure and Apparatus
Electrochemical cells: Our measurements were carried out in four different synthetic cells, described briefly below: a) A cylindrical vessel with a cooling jacket and a capacity of 1 1 contained the electrolyte. A glass cylinder was coaxially immersed in the vessel. The inner cylinder was open at the lower end, dipped in the electrolyte and was kept at a distance of about 1 cm from the bottom of the container vessel. The other end was sealed with a teflon stopper which carried a reference electrode (dynamic hydrogen electrode) [10] , a thermometer, the anode, a capillary tube for the outflow of the evolved gas and a teflon tube for pipetting electrolyte solution for chemical analysis. Moreover, the possibility was provided for introducing a small cylindrical cell with a wire Pt cathode, a sheet Pt anode and a reference electrode in the immediate neighbourhood of the main wire cathode. In this auxilliary cell the (dissolved) O3 could be cathodically reduced and the potentiostatically obtained limiting current served as a measure of the time dependence of the concentration of the dissolved O3. The limiting current depended mainly on the hydrodynamic flow of the electrolyte past the cathode, on the time average being kept constant through moderate stirring of the electrolyte by a magnetic stirrer at the bottom of the container vessel. The method of quantitative analysis of O3 by a cathodic limiting current is described in ref. [15] .
The above method allowed a continuous recording, however, an exact analysis of the evolved gas was made as described later. The anode consisted of a round Pb02/Ti disc covered on one face by a teflon layer. The cathode was a titanium sheet. The working anode and the catholyte were separated by a sintered glass frit DIN 2 attached to the wall of the inner cylinder.
The uncovered anode side was facing the sintered glass, these and the cathode were parallel to each other insuring a homogeneous current density over the anodic electrode. Anolyte and catholyte could be stirred, preferentially only moderately in order to avoid noticeable mixing of the gas bubbles of the anodic and the cathodic compartments. The advantage of this cell was the easy interchangeability of the anodes.
b) The second cell was similar to a), however, inside the container vessel, instead of a glass cylinder, a special glass and teflon insert was placed to accomodate an anode with internal cooling and larger dimensions. c) This cell was also similar to a), however, the anodic compartment was sealed to allow the use of an anolyte differing from the catholyte. Anodes with and without internal cooling could be used.
d) The fourth cell had a capacity of 200 ml and could accomodate large area planar anodes having sintered glasses as well as counter electrodes on either side of the anode faces. Because of the compact construction of the cell very low temperatures were accessible by external and internal cooling.
The results of measurements in all different cells were reproducible to within less than 5%. Ozone analyses in the anodic gas were done iodometrically according to Boelter et al. [16] :
The electrochemical ly generated anodic gas is bubbled through water for a time sufficient to sweep out the gas originally present in the "dead volume" above the anolyte and to obtain a homogenous O3 distribution above the anolyte. Then the gas flow is directed into a gas burrette by means of a two-way tap. This burrette contains a weakly alkaline 1MKI solution and a nearly constant overpressure for the gas to be collected. As the gas is led into the burrette in form of small bubbles, ozone is reduced by iodide and the total volume of the collected oxygen is measured. The amount of O3 is calculated after acidification of the iodide/iodine solution and titration with sodium thiosulphate and starch solution as indicator. The quality of this method was checked by comparison with the calibration curve of a commercial ozonizer.
It has to be noted that if the concentration of the KI solution is less than approximately 0.3 M and the gas to be analysed is bubbled through with rates as high as 301/h, the analysis gives too high ozone values.
Ozone dissolved in neutral aqueous solutions was analysed by the DPD method described by Palin [17] . In weak acidic or alkaline solutions a previous neutralisation is necessary. Alternatively the dissolved O3 was driven out of the solution by a stream of nitrogen and analyzed in the gas phase as described above. For strong acidic solutions this method proved to be the only appropriate one. Determination of O3 in solution by direct mixing with a weak alkaline potassium iodide solution and subsequent acidification produced unsatisfactory results.
The electrodes were studied after the experiments a) by cyclic voltammetry, using potentiostats and generators mentioned above and recorded on an x-y recorder and b) by X-ray diffraction using a Siemens D 500 diffractometer. Corrosion material from the electrodes was studied in KBr pellets by IR spectroscopy, using a Perkin-Elmer 577/spectrophotometer.
The anodes used consisted of a Pb02 layer deposited on a titanium substrate according to [2, 3, 10] , from an acidic Pb(N03)2 solution. The electrodeposition took place at different temperatures and current densities. The following notation will be adopted to describe the anodes: e.g. Pb02 (70/40) for an electrodeposition carried out in a bath of 70 °C with anodic polarization by a current density of 40 mA cm -2 .
Experimental Results
In the beginning a thorough study of the ozone evolution on Pb02/Ti anodes in sulphuric acid was made. The ozone yield was found to depend on: a) the history of the electrodes b) the current density at gas evolution c) the time of operation of the electrode d) the concentration of the electrolyte e) the temperature of the bath at which the electrodes were made, and f) the temperature of the electrolyte during electrosynthesis. The different factors are interrelated; e.g. for a fresh electrode the current density had no considerable influence on the O3 yield, while a remarkable improvement with time was observed on an older, used electrode, if stronger anodic polarization was applied. For this reason some of the factors will be discussed at some stages simultaneously. First, it can be seen that if an already used anode is employed for ozone electrosynthesis no definite conclusion about the yield of the product may be made. In Tables la, lb and Ic the time-dependence of the O3 yield is shown. At regular intervals the current density was changed and the response on the O3 yield was observed. On the Table the times of the current changes and of the gas analyses are denoted. In Table la the test of a Pb02 (70/40) electrode is shown after previous operation in a I.6NH2SO4 electrolyte (T=6±2°C,i=200mAcm-2 ) for 9 h, washing in water and subsequent drying on air. The conditions of operation are shown at the Table. Then the electrode was removed from the electrolyte, washed, sanded and then again placed in the electrolyte; the results are shown in Table lb . A remarkable improvement may be observed. The electrode was further polarized for 10 h (T = 6 ± 2 °C, i = 200 mA cm -2 ) and then washed and dried in air for 13 h. Further experiments according to the procedure described above, produced the results of Table I c, where a decrease of the O3 yield may be observed. It should be noted that with i > 300mA cm -2 a considerable wear of the electrode especially at the edges occurs.
The influence of the c.d. on a newly deposited electrode Pb02 (87/40) in a 1.6 N H2S04 bath (T = 6 ± 2 °C) is shown in Table II . In the previous experiments the bath had been kept at 6 °C because as shown later the time dependence of the O3 yield was more pronounced for electrolyses carried out at higher temperatures. Moreover, in more concentrated acid solutions, the O3 concentration decreased remarkably with time. Characteristically seen in Fig. 2 for two temperatures of the electrolyte, viz. 6 °C and 18 °C. The general trend of the decrease of the O3 yield with time may be correlated with the gradual lowering of the pH value next to the anode. The fact that the drop of the ozone yield was not so fast at lower temperature may plausibly be explained either a) by a stronger stirring of the electrolyte due to a stronger natural convection (because stronger temperatine gradients were present in the cell in order to achieve the wanted temperature at the neighborhood of the anode), or b) by an increased corrosion rate of Pb02, observed at lower temperatures, and hence a partial regeneration of fresh anode surface. However, the observed results may be as well due to other electrochemical dominant processes.
The preparation of the electrodes at various temperatures effected a different time dependence of the O3 concentration in the gas phase for anodic polarisations in 1.6 N H2SO4 (5 °C, i = 350 mA cm"*). The yields were recorded after 105 min of electrolysis and the values are plotted in Fig. 3 . Two electrodes were prepared at each temperature. Practically no effect on the observed yields seems to have the current density at which the anodes were electrodeposited, Fig. 4 . Here anodes deposited from a Pb(N03)2 bath at 70 °C were used in 1.6 N H2S04 cooled down to 5 °C (i = 350 mA cm" 2 ). To test the eventual effects of the electrode edges on O3 yields titanium stretch metal was used as a Pb02 substrate ; no improvement of ozone yield was observed with such an anode.
It should be remarked that the IR spectrum of corroded material, which was simply washed in distilled water, produced two moderately broad peaks at 1010 and 1130 cm -1 , as well as two small ones at 615 cm -1 and 630 -1 . After the corroded material was washed for 2 min in water in an ultrasonic bath only the two peaks at 1130 cm -1 and 630 cm -1 remained. Here, characteristic vibrations of sulphates are assigned [18] . Furthermore, an anode electrically disconnected after use showed a rapid potential drop to about 2.2 V vs DHE followed by a slower potential decrease towards 1.7 V. This phenomenon had been observed by other workers [19] on Pt electrodes and was attributed to adsorption. Indeed, if the already used anode was washed and dried and subsequently tested by cyclic voltammetry in 1.6 N H2SO.4 on scanning in anodic direction a peak at about 2.18 V vs DHE was observed, (scan rate 50 mV sec -1 ) attributed to the oxidation of PbS04 to /?-Pb02.
X-ray diffraction for such an electrode showed characteristic peaks [20] of a nearly randomly oriented PbS04 crystallized on the lead dioxide. The surface of lead dioxide deposited at different temperatures also was studied by X-ray diffraction. The peaks were identified from the A. S. T. M. cards [20] . For both a-Pb02 and £-Pb02 reproducible textures were observed. Although no detailed analyses were carried out, obviously the Pb02-crystallites have a random orientation with respect to planes perpendicular to the surface of the electrode, (but not with respect to planes parallel to the electrode surface), as evidenced by invariable X-ray spectra 32/40) . More information will be given in a future publication.
Ozone Evolution from a Buffered Phosphate Electrolyte
Although older studies with salt solutions were not very successful [13], we observed a considerable increase of anodically produced ozone in an aqueous phosphate buffer compared to strongly acidic electrolytes. The ratio of the concentrations of the two components will be symbolized by Table IV also. As is easily seen variation of R does not play any important role in the measured yields, apart from the fact that higher conductivities of the solutions are wanted for better heat dissipation. For a constant value of R with variation of the total molar phosphate concentration the yields observed at 20 °C and 200 mA cm -2 are given in Table V with analyses carried out after 120 min of electrolysis. It may be noticed that at low molar concentration the measured yields were lower. This may be possibly explained by the fact that a lower pH may occur on the electrode surface when the buffer solution is not present in a concentration sufficient to compensate for the generated hydrogen ions.
Temperature and Current Density Effects
On account of the relative constancy of the ozone yield with time, we measured the O3 yields on one electrode with internal cooling at different temperatures of electrolyte. The temperature for each measurement was kept for two hours to equilibrate and then raised in steps from 3 to 23 °C as shown in 
Fluoride and Sulphate Effects
It is known from other workers that with binary electrolytes (H2SO4/HCIO4) [6] an increase in the O3 yield may be attained. Semchenko et al. [7] used a mixture of conc. HC104 and NaF (10 g/1) as electrolyte for ozone electrosynthesis on lead dioxide deposited on platinized titanium with good results at -10 °C. The effect of fluoride ion in 4 M concentration with platinum anodes in a perphosphate synthesis was studied by Miller et al. [21] . The perphosphate yields from electrooxidation of K2HPO4 as a function of KF concentration as additional component in the electrolyte were reported by Tyurikova et al. [22] . However, the effect was significant at concentrations greater than 1 M only. It was suggested that KF is actively involved in the perphosphate synthesis. On the other hand a fluoride influence on increasing the oxygen overpotential on platinum during persulphate synthesis at concentrations as low as 0.001 M was reported by Smit and Hoogland [19] .
We added KF (2.5 mM or 1.4 mM) to a phosphate buffer (R = 0.42, [phosphate] = 0.74 M), the c.d. was 100 mA cm -2 and the temperature 19 ± 1 °C in both cases. At this c.d. the O3 yield is more than 30% greater than without KF. Raising the KF concentration to 30 mM affords no practical increase of the ozone concentration. On the contrary the yield dropped faster with time. In a 100 h experiment with 1.4 mM KF in the electrolyte the ozone content in the gas was always found to be higher than 7% v/v [ Fig. 6 ].
After the reaction the surface of the anode looked rough and chemically attacked. For all electrolyses carried out at room temperature after driving out dissolved O3 in a nitrogen stream no reactants were present which would spontaneously liberate O2 from an acidified iodide solution. The gas evolved was found to correspond to about 98 ± 3% of the current. The accuracy was mainly limited by the timing of the gas evolution.
It should be noted here that in the electrolysis of 1.6 N H2SO4 with i = 200 mA cm~2 and at a temperature of 35 °C a persulphate yield of only about 5°/oo was estimated by analyses based on ref. [23, 24] .
To test a possible influence of the sulphate anion of the ozone evolution mixed electrolytes were prepared by dissolving K2HPO4 and KHS04 in water. The previous results and those of Table V show that no great effect of the sulphate ion at the studied concentrations may be involved from the above results. Moreover, it should be noted that, as evidenced by pipetting small anolyte quantities during the electrolysis, under no circumstances the pH was found lower than 5.5 in the anolyte compartment during experimentation.
Ozone Yields in the Electrolyte
For the case of the buffered electrolyte an estimate of the ozone dissolved in the anolyte was made by analysing liquid samples of the anolyte. The values were compared with those of standardized samples prepared as follows: Through a sintered glass frit DIN 2 a 2.6% v/v O3/O2 mixture from a commercial ozonizer was bubbled through the appropriate solution for 5 min in which the O3 later was to be determined. The solutions were left to stand for 5 and 20 min, respectively, and the O3 was analyzed. The results are summarized in Table VI . In agreement with Fabjan [25] ozone in 1 N KOH rapidly decomposes. Other previous investigations [26] reported longer life times of 03 solution in alkaline environments. It is well known that 03 decomposes in presence of H202 [27] . Also, oxygen is known to be in equilibrium with H02~ in alkaline H202 on a platinum electrode [28] . This means that impurities (like Pt species) in catalytic quantities may cause decomposition. However, a decomposition mechanism for O3 in absence of an impurity as catalyst may not be excluded, e.g. by decomposition due to OH- [25] .
It is interesting to note, that samples from different parts of the anolyte, yielded varying concentrations of dissolved O3. These results were obtained for our undivided cell and are easy to accept in view of the convectional flows of the liquid and the mixing of anolyte and catholyte at the lower parts of the cell, as well as the relatively low rate of gas evolution, insufficient to achieve complete saturation with O3. A mean value obtained during the electrolysis of a buffer phosphate with R = 0.42, and [phosphate] = 0.74 M and no additions of KF was 15 mg O3 I -1 electrolyte, while in the gas phase the volumetric O3 concentration had been 6.3% v/v. From the values in Table VI and Henry's law an ozone concentration of a saturated solution was calculated to be 24 mg l -1 , under these conditions. Apart from the abovementioned difficulties with an undivided cell, its use was considered essential, since without convection in the electrolyte and mixing of the anolyte and the catholyte at the bottom of the cell a very rapid decrease of the anolyte pH would occur. 
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Potential Observations on the Gas Evolution
The potential drop across the lead dioxideelectrolyte interphase was difficult to measure in our experiments, especially for extended times. The reason is that the non-linear time-varying resistance at the lead dioxide-titanium interphase interfers with the actual measurements [29] . Moreover, an additional potential drop within the electrolyte, between Luggin capillary and the surface of the anode is difficult to be accurately accounted for from impedance measurements due to a strong influence of the "titanium oxide" layer between lead dioxide and titanium. For these reasons an assembly was used with a Luggin capillary of about 1 mm diameter placed, side wise, in contact along the anode and potentials being recorded 5 s after switching on the electrolyses. The used electrode had been electrodeposited at 70 °C (and at i -40 mA cm~2 in our standard bath); before each measurement the electrode was sanded and washed. From the results of Table VII only qualitative More accurate measurements will be carried out with electrodes of lead dioxide deposited on titanium which will have a very thin platinum wire embedded in the lead dioxide layer between which and the reference electrode the potential will be measured.
Discussion
About the mechanism of O3 formation on the studied system, no novel conclusions may be made at this stage. Only some orienting thoughts can be put forward from our measurements and the collected information from literature. a) A very informative review [30] suggests that lead dioxide reacts as an inert electrode under anodic polarisation and oxygen evolution, despite previous considerations by Glasstone [31] on adsorbed oxygen intermediates. The main argument is that lead does not experience a valence state greater than IV. (Since the O2 overpotential is higher than on platinum [10, 14] this can explain why better yields of O3 are observed on Pb02 anodes.) However, this should not necessarily preclude the possibility of more energetic, adsorbed oxygen species, since lead dioxide is not met in stoichiometric composition and, moreover, even in a perfect crystal surface states are theoretically anticipated and are found to exist also at highly purified surfaces [32] . On the other hand if Pb02 behaves as an inert electrode with respect to oxygen evolution, the a-Pb02 may offer the possibility of greater ozone yields than /?-Pb02 because according to literature [30] for this reaction the exchange current density of a-Pb02 is ca. six orders of magnitude lower than for /?-Pb02, in electrolytes where a rapid phase transition to /?-Pb02 does not occur.
It should be noted that although Pb02 electrodes deposited on titanium at 70 °C have a lower 02 overpotential than those made at 25 °C [10] the latter have been found by us to be less effective for 03 production. The fact that Lash et al. [5] observed improved yields at lower pressures above the electrolyte in a HCIO4 aqueous solution and with a platinum anode needs interpretation also. b) If the chemical nature and crystallographic state of the electrode directly influences the oxygen and ozone evolution, then water or in general hydrogen and oxygen incorporated in the crystal may directly or indirectly influence the amount of electrogenerated ozone. Hydrogen in significant amounts is known to exist in electrodeposited lead dioxide [33] and to a certain extend to affect the pseudo equilibrium potential of Pb02.
It is also known for the oxygen evolution on platinum [34] , that hydroxyl radicals may be intermediate species of the process. Moreover, it has been mentioned before that preheated anodes were less suitable for ozone production. It must also be mentioned that electrodes deposited at different temperatures, which showed a different time response as regards the ozone concentration in the evolved gas, exhibited a different surface texture which was well reproducible.
c) The action of the surfactant used for Pb02 deposition may also influence the O3/O2 ratio in the anodic gas evolved at higher potentials, if these are not in the range of oxidation of the surfactant.
d) The possibility of oxygen from lead dioxide participating in the ozone synthesis must not be completely excluded. An analogy may be drawn from the process taking place on platinum in a perchloric acid electrolyte, although here, the oxygen rich species participating in the anodic gas evolution are not met in the solid phase as in the case of Pb02. It is known that at temperatures lower than -25 °C [5] a considerable amount of O3 is anodically synthesized. Using isotope tracer techniques it has been also found that at these low temperatures and higher anodic polarisations, oxygen from the perchlorate ion is incorporated in the anodic gas, and indeed much more, than for experiments run at room temperature [35] . Such a conclusion is also drawn from electrochemical studies [36] . Oxygen from K2HPO4 is also known to appear in O2 anodically evolved at a platinum anode during peroxyphosphate synthesis from a K2HP04/KF electrolyte [37] . The elucidation of the mechanism of O3 evolution might be supported by the observation of the 03" ion by ESR at low temperature, (viz. -35 °C) in concentrated KOH at CdO anodes [38] . e) Finally the pH at the anode surface and the nature of adsorbed species is expected to strongly effect the ozone current yield. From capacitance measurements [39] at Pb02 anodes in a potassium sulphate electrolyte the adsorption of sulphate ions at more anodic potentials was established. Also for persulphate synthesis on Pt, the importance of the texture of the anode on the adsorption of sulphates and the consequence of this on the surface potential and current yields of the products has been shown [40] . The fluoride effect in our measurements is supposed to be due to adsorption on the surface of the electrode, too. The addition of KF resulted in an increase of the size of the evolved gas bubbles possibly indicating a drop in the surface charge [41] . Furthermore, it is difficult to accept considering the results of Table VI that in more concentrated sulphuric acid solutions the remarkable drop of O3 yield with time at room temperature occurred because of homogeneous decomposition in the electrolyte, since the O3 lifetime is relatively long. The role of the anions on the anode surface may be viewed from an additional observation also; although on a Pt anode better yields are observed in H2SO4 than in H3PO4 solution [42] the opposite effect tends to exist on Pb02 anodes. However, our experiments with a mixed phosphate buffer-K2S04 electrolyte suggest that no great direct influence of SO4 2 -on the O3 yield should be expected at relatively low concentrations of the anion. From the above discussion and the fact that at low total phosphate concentrations and low pH a drop in the yield is observed, it is suggested that by interaction of phosphate species with the Pb02 surface an increased amount of O3 arises. However, it is not possible to rule out that only the Pb02 is of primary importance.
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